T ranscatheter ablation of the atrioventricular junction, accessory atrioventricular pathways, or the region of slowed conduction in ventricular tachycardia has been proposed as a feasible nonsurgical treatment for a variety of arrhythmias in humans.1-6 Myocardial heating by transcatheter radiofrequency (RF) energy delivery has been demonstrated to be an effective means of causing focal myocardial injury in experimental animals78 and humans.9'10 Based on the assumption that myocardial heating is the major mechanism of RFinduced injury in a biological system," a theoretical model was developed to define the characteristics of myocardial heating from an RF energy source.'2 In this model it was predicted that at thermal equilibrium, the tissue temperature should vary inversely with the distance from the RF electrode and a linear relation should exist between the electrode-tissue interface temperature and the size of the lesion. These predictions were confirmed with experimental observations of RF ablation of canine myocardium.'2 The model as described also predicted that the radius of the lesion resulting from RF catheter ablation should be directly proportional to the radius of the RF electrode. This prediction should have direct bearing on selection of the optimal size and configuration of electrodes used in RF catheter ablation, because a variety of lesion sizes and shapes would be desirable depending on which structure was to be ablated. The purpose of the present study, therefore, was to validate the proposed thermodynamic model of RF-induced heating in myocardium by comparing RF electrode radius to the radius of the myocardial lesion in a model of isolated perfused and superfused canine right ventricular free wall.
T ranscatheter ablation of the atrioventricular junction, accessory atrioventricular pathways, or the region of slowed conduction in ventricular tachycardia has been proposed as a feasible nonsurgical treatment for a variety of arrhythmias in humans. [1] [2] [3] [4] [5] [6] Myocardial heating by transcatheter radiofrequency (RF) energy delivery has been demonstrated to be an effective means of causing focal myocardial injury in experimental animals78 and humans.9'10 Based on the assumption that myocardial heating is the major mechanism of RFinduced injury in a biological system," a theoretical model was developed to define the characteristics of myocardial heating from an RF energy source.'2 In this model it was predicted that at thermal equilibrium, the tissue temperature should vary inversely with the distance from the RF electrode and a linear relation should exist between the electrode-tissue interface temperature and the size of the lesion.
These predictions were confirmed with experimental observations of RF ablation of canine myocardium.'2
The model as described also predicted that the radius of the lesion resulting from RF catheter ablation should be directly proportional to the radius of the RF electrode. This prediction should have direct bearing on selection of the optimal size and configuration of electrodes used in RF catheter ablation, because a variety of lesion sizes and shapes would be desirable depending on which structure was to be ablated. The purpose of the present study, therefore, was to validate the proposed thermodynamic model of RF-induced heating in myocardium by comparing RF electrode radius to the radius of the myocardial lesion in a model of isolated perfused and superfused canine right ventricular free wall.
Materials and Methods Thermodynamic Model of Radiofrequency-Induced Heating in Myocardium
The proposed model of RF-induced heating by a spherical electrode in an idealized system of uniform thermal and electrical conductivity has been previously described.'2 For clarity, the model will be reintroduced with special emphasis placed on the relation of electrode radius and resultant RFinduced myocardial lesion size. (7) 4,rrKri(l/r-l/ri)(t,,-T)=4.mK(t-to) and reduced to the following: ri t-T r to-T This relation results from the assumption that at steady state, the total energy crossing a sphere of radius ri must equal the energy crossing a concentric sphere of radius r, because energy must be conserved ( Figure 1 ). As long as the condition of a constant (8) 
H=4,rrKri(to-T)
electrode-tissue interface temperature (to) is met by adjusting the RF power output to maintain this temperature constant, the relation is independent of the thermal conductivity, K, of the medium. Although changes in K may dramatically affect the amount of total energy required to maintain a constant interface temperature, to, at steady state the resultant temperature gradient would be predicted to be independent of the thermal properties of the medium. Irreversible myocardial injury should occur predictably when tissue is heated above a critical temperature, which we may define as the "temperature of viability," or t,. For a given duration of energy delivery, t, should be a reproducible value at the margin between viable and nonviable myocardium, that is, at the lesion radius. We will define the lesion radius as the "radius of viability," or rv. Since t,, T, and to will be constant, the term (tv-T)/(to-T) from Equation 8 is also constant. Therefore, ri will be directly proportional to the lesion radius, r,. Substituting Equation 2 into Equation 8 yields
Assuming that rd is small in magnitude and relatively constant, the radius of the RF-induced lesion, rv, is predicted to be proportional to the electrode radius, ro. Therefore, as the electrode radius increases, the dimensions of the lesion resulting from RF-induced myocardial heating are predicted to increase in a directly proportional fashion. Experimental Preparation To validate our proposed thermodynamic model, RF energy delivery to myocardium was tested in a controlled model of isolated perfused and superfused canine right ventricular free wall. Ten mongrel dogs weighing 10-35 kg were anesthetized with sodium pentobarbital (30 mg/kg). A right thoracotomy was performed, and the heart was rapidly explanted taking care to preserve the integrity of the aortic root. The excised beating heart was then immersed and rinsed in serial baths of iced 0.9% saline at 40 C. The right coronary artery ostium was identified and cannulated. The right atrium and right ventricle were dissected free from remaining structures except for the pedicle of aortic root, which incorporated the right coronary artery ostium. The coronary artery cannula was sutured into place with two 3-0 silk sutures. The isolated right ventricular free wall was transferred to a Plexiglas tissue chamber warmed by a surrounding water jacket.
The preparation was perfused and superfused with Krebs-Henseleit buffer containing (mM) NaCl 121. During the course of the experiment, tissue temperature was continuously monitored, and the viability of the preparation was intermittently tested by observing its response to external pacing.
Protocol
All RF lesions were produced with a Radionics RFG-3AV lesion generator (Burlington, Mass.), which produces a continuous 500-kHz sine wave output. The active electrodes were fashioned from polished aluminum with hemispherical tips and a central 1-mm lumen for passage of a temperature probe. The radii of the electrodes varied between 0.75 and 2.25 mm, and the length of uninsulated electrode at their tips equalled their diameter. The indifferent electrode was a 30-cm2 aluminum plate on the floor of the tissue bath. The active electrodes were mounted on a counterbalanced fulcrum device so that the electrode-tissue force could be adjusted to maintain a constant value of 30 N/mm2, which was independent of electrode size.
During lesion production, electrode-tissue interface temperature was continuously monitored with a temperature-sensitive fiberoptic probe advanced through the lumen of the active electrode and connected to a Luxtron Model 750 fluoroptic thermometer (Monta Vista, Calif.). Because the proposed thermodynamic model depends on maintaining a constant electrode-tissue interface temperature (t, Equation 5 ), the RF power output was continuously adjusted manually to maintain this temperature at 600 C throughout the period of energy delivery. The duration of RF energy delivery chosen was 90 seconds, since a steady state of tissue temperature rise is approached at this time.12 Root mean square (RMS) current and voltage measurements were continuously recorded on a strip chart recorder. Power output was calculated at 10-second intervals as the product of the mean RMS current and the mean RMS voltage during that interval. Mean power was the sum of interval power calculations divided by the number of intervals. Total energy was calculated as the mean power times the duration of energy delivery.
A total of 76 lesions were created with one of seven active electrodes varying in radius from 0.75 to 2.25 mm. The sequence of electrode use was varied in each preparation. Between 5 and 12 lesions were made in each experiment. After lesion production, the preparation was perfused for a period of 90-120 minutes. Transmural tissue blocks incorporating the lesion as visualized on the endocardial surface plus 5 mm circumferential tissue were excised, and the lesion was bisected in preparation for histochemical staining. Tissue samples were incubated in a solution of 0. 5 the pale yellow color of nonviable myocardium.15 Lesion depths and widths were measured by hand with microcalipers. Because lesions were not absolutely hemispherical, lesion radius from the center of the electrode tip (r,) was calculated in two dimensions. The transverse radius was defined as the lesion width divided by 2. Because the thermodynamic model measures lesion radius from the center of the electrode, the transmural radius was defined as the lesion depth plus the electrode radius.
Data Analysis
Raw data were stored in a computerized data base, and statistical analyses were performed with RS/1 software (BBN Software Products, Inc., Cambridge, Mass.). Continuous data were presented as mean+ SD. Regression lines were determined by leastsquares analysis. T values were calculated for the coefficients of the model and the null hypothesis was tested to determine the level of significance. Goodness of fit was tested by analysis of variance and calculation of a multiple correlation coefficient (R2).
Results

Effect of Electrode Radius on Lesion Size and Power Requirements
As predicted by the thermodynamic model, both the transverse and transmural radii of the RFinduced lesions increased with increasing electrode radius (Figures 2 and 3 , functions 1 and 2, respectively). These relations demonstrated a significant linear correlation (p=0.0001) with r values of 0.85 and 0.89, respectively. As anticipated, the larger electrodes resulted in higher power requirements to achieve adequate current density for significant heating ( Figure 4) . Prediction Discussion In the present study, we sought to validate our proposed thermodynamic model for heat transfer during RF catheter ablation in the canine heart in vitro. Having a valid simple thermodynamic model is important because it allows us to predict the effects that changing conditions will have on the resultant heating from an RF source in biological tissue. The present model predicted a linear relation between RF electrode radius and lesion size in the myocardium. This relation was demonstrated with a high correlation coefficient in experimental observations, suggesting that the model is indeed valid in this setting. Calculations from the regression lines of the raw data suggest that the critical temperature, which will result in irreversible myocardial injury after a 90-second exposure, is between 460 and 490 C. These values are concordant with previous reports of thermal injury to myocardium at temperatures ranging from 46.60 to 48.90 C12 and thermal injury to other biological tissues occurring at temperatures of 46.5-48°C.16 '17 The theoretical model as stated in Equation 8 is powerful in its simplicity. Once the precondition of maintaining a constant electrode-tissue interface temperature during energy delivery is met, requisite adjustments in RF power delivery will (by definition) automatically be made, despite variability in efficiency of RF power delivery, changes in electrical impedance, or different thermodynamic properties of the tissue. This theoretical construct has practical import if one considers the many factors that can dramatically alter efficiency of RF-induced tissue heating. For example, it has been demonstrated that there can be dramatic impedance changes during RF power delivery,18 as well as voltage and current phase displacement,19 which result in decreased resistive heating at any fixed power output. The precondition of a constant electrode-tissue interface temperature allows for elimination of the thermal conductivity constant and results in a relatively constant radial temperature gradient despite a wide variability of conditions. In addition, maintaining the electrode tissue interface temperature below 1000 C will prevent boiling at the interface and the corresponding sudden rise in electrical impedance that occurs in this setting. 20 Previous investigators have presented studies of tissue heating from thermal and RF sources.21-23 Erez and Shitzer24 proposed a detailed model of temperature distributions in tissue subjected to RF electrocoagulation that incorporated terms for metabolic heat production and convective heat loss caused by tissue perfusion. The authors concluded that the effects of metabolic heat production on tissue temperature were negligible and thus could be eliminated from the analysis. Investigators have also concluded that variability in tissue perfusion will result in major differences in radial temperature gradients.24,25 However, the steady-state condition presented is insensitive to heat loss from radiation and convective heat loss to interstitial blood flow because of the steep temperature gradients that cause conductive mechanisms to predominate26 and disruption of regional blood flow caused by vascular coagulation. Although one might argue that fluxes in tissue perfusion during RF power delivery might alter this relation over time, experimental observations comparing perfused and nonperfused tissue preparations suggest that these variations are not biologically significant.12
The thermodynamic model presented above assumes that heating from an RF source is similar to that from a pure thermal source. The actual radius of resistive heating was not directly calculated because a complex relation incorporating both the terms for direct tissue heating as well as conductive heating from contiguous myocardium would need to be constructed. But, resistive heating diminishes rapidly with increasing distance from the electrode, and the maximum tissue temperature occurs within a short distance of the electrode-tissue interface.13 Therefore, if close electrode-tissue contact is maintained, the RF electrode plus its narrow rim of resistiveheated tissue approximates the characteristics of a pure thermal source. The difference between the measured electrode radius and the calculated radius of volume heating was 0.5-0.8 mm. These numbers are well within the range of values anticipated for this phenomenon, and their small magnitude makes more detailed descriptions of the interaction between resistive and conductive heating in this region superfluous. Although this thermodynamic model was developed to describe RF-induced heating, it should be applicable to any energy source as long as the precondition of a constant temperature at the tissueheat source contact point is met.
In light of the small radius of resistive heating during RF energy delivery, the importance of close tissue-electrode contact in production of endomyocardial lesions during RF catheter ablation is underscored. Convective heat loss into the circulating blood pool can occur rapidly during production of RF-induced lesions in vivo if the electrode is not making firm contact with the endocardium.27 Because no substantive direct RF heating of tissue occurs outside of this narrow range of resistive heating (temperature elevation of contiguous tissues occurs by conductive heating only), positioning the electrode in the circulating blood pool only 1 mm from the endocardium will result in a marked decrease in efficacy of tissue heating and subsequent lesion production.
In conclusion, the proposed model of tissue heating during RF ablation predicted that the electrode radius should be proportional to lesion radius. This was confirmed experimentally, and the temperature of irreversible tissue injury was estimated to be 46-49°C. These data suggest that RF-induced tissue heating can be considered to be similar to heating from a pure thermal source but that close electrode-tissue contact is probably necessary for significant heating to occur.
